is selectively analgesic for heat pain tolerance, this observed effect is not mediated by stress-induced increases of salivary cortisol and α-amylase activity, as proxies of both the hypothalamus-pituitary-adrenal axis and the autonomic nervous system activation.
SIA is a complex process that is mediated by the activation of descending inhibitory pain pathways. It is modulated by opioid [9, 20] and non-opioid mechanisms involving monoamines [21, 22] as well as endocrine processes [23] involved in the regulation of stress. While the involvement of the corticotropin-releasing factor as well as glucorticosteroids has been found to be important in the development of SIA in animals [23] [24] [25] [26] [27] [28] [29] , comparable endocrine evidence in humans is scarce. On the one hand negative associations between cortisol and pain perception have been reported with regard to cortisol and pain responses to the cold pressor test as well as to noxious thermal stimulations [9, 30] . On the other hand, cortisol responses did not affect the association between the effects of stress and pain rating in the cold pressor test [6] .
The autonomic nervous system (ANS) interacts with nociceptive processing in a complex manner at all levels of the neuraxis [31] since afferent sympathetic fibres process sensory information from nociceptors [32] . In animals, a sympathetic-adrenal-medullary-induced increase of catecholamines has been associated with elevated cardiac and vascular activity, which is linked with diminished pain sensitivity in animals [33] and in male humans [11, 34, 35] . Moreover, hypothalamic-autonomic activation associated with systolic blood pressure level has been suggested as one likely mechanism underlying SIA [6] . Also, increased salivary α-amylase (sAA) activity has been shown during the cold pressure test [36] and was recently suggested as an indirect physiological correlate of subjective heat pain perception [37] . However, to our knowledge, no studies have investigated whether and to what extent sAA, as a marker of ANS activity, influences the relationship between psychosocial stress and heat pain perception.
Therefore, we set out to investigate the effects of acute psychosocial stress on heat pain perception and its possible neuroendocrine mediation by salivary cortisol levels and sAA activity in healthy men using linear mixed-model analysis. Employing a standardized psychosocial stress test paradigm -the Trier social stress test (TSST) [38] and a heat-pain paradigm [39] , we tested the following hypotheses. First, we predicted that acute psychosocial stress exposure reduces the nociceptive response (SIA) to heat pain stimuli reflected by higher pain threshold and tolerance. Second, we examined whether that SIA is mediated by cognitive stress appraisal -affective or neuroendocrine responses to stress as evidenced by higher levels of both parameters after the TSST and by a positive association of these parameters with pain threshold and tolerance.
Methods

Participants
Right-handed men aged between 18 and 40 years were recruited by e-mail or oral promotion in lectures of the Department of Psychology, University of Basel. The e-mail contained a link to an internet site with basic information about the study titled "Influence of psychosocial stress on pain perception" and a questionnaire to assess the following exclusion criteria: left-handedness [40] , female gender [41] , smoking [42] , alcohol consumption (regularly and more than 3 units per day, 1 unit ≙ 8 g ethanol) [43] , drug use, and any acute or chronic somatic or psychiatric disorder [44] [45] [46] . Participants had to be naive to the employed heat pain measurement (TSA; Medoc, Ramat-Yishai, Israel) and stress test (TSST) to avoid any confounding effects. For compensation, participants received university credits for their bachelor in psychology studies or CHF 100. All subjects were provided with complete written and oral descriptions of the study and gave written consent before the assessment started. The study was approved by the cantonal ethics committee.
Experimental Conditions
Eligible participants were randomly allocated to either the stress condition first followed by a control condition 1 week later ( n = 15) or vice versa ( n = 14).
In the stress condition, the participants were subjected to the TSST, which has repeatedly been found to induce strong endocrine and cardiovascular responses in 70-80% of the subjects tested [38, 47] . After a baseline heat pain measurement, the participants were introduced to the TSST (Intro, 2 min). They were then returned to a room, where they had 10 min on their own to prepare and complete a questionnaire designed to assess cognitive appraisal processes (Pennsylvania Alternate System of Assessment, PASA) [48] regarding the anticipated stress situation. Afterwards, the subjects were taken back into the TSST room, where they took part in a simulated job interview (5 min) followed by a mental arithmetic task (5 min) in front of an audience of 2 people. Five minutes after the TSST, the participants underwent the second heat pain measurement. The heat pain measurements and the TSST were conducted in separate rooms. Before and after the TSST as well as in the control condition, the participants stayed in a room on their own, except for heat pain measurements (see below). Salivary samples were repeatedly assessed in both conditions before and after the TSST (-60, -30, -15, 0, +10, +20, +30, +45, and +60 min, with 0 min assessed directly after the TSST). In the control condition, the participants stayed in a quiet room on their own for the time of the assessments.
Sampling Methods and Biochemical Analyses
Saliva was collected from the subjects using Salivette collection devices (Sarstedt, Sevelen, Switzerland). Sampling time was exactly 1 min, during which subjects had to chew on the cotton swabs as regularly as possible. Salivettes were stored at -20 ° C after completion of the session until biochemical analysis took place. To assess salivary cortisol responses, salivary cortisol levels in all 9 salivette samples were analysed; to assess responses of the activity of sAA, the first 5 salivettes were used for biochemical analyses.
After thawing, the following biochemical analyses were conducted in the biochemical laboratory of the Clinical Psychology and Psychotherapy Department at the University of Zurich, Swit-
Heat Pain Stimuli and Measurement
Heat pain measurements were performed 4 times per participant, thus before and after each experimental condition (TSST or control condition). Heat stimuli were administered in counterbalanced order to the left and right volar forearm using a 30 × 30 mm Peltier device (TSA-II; Medoc) placed at two-thirds of the distance from wrist to elbow. Individual pain threshold was measured using the search method starting at 42 ° C: the participants were asked to increase or decrease the magnitude of the heat stimulus to the transition point where they felt it changing from "hot" to "painful." The participants were instructed to determine the transition point as precisely as possible and to use equally long response intervals (i.e., mouse click intervals) for altering temperature, and also to apply combined bottom-up (increasing temperature) and topdown (decreasing temperature) search strategies.
Pain tolerance was determined by the method of limits: the participants were asked to stop the increasing heat stimulus at the moment they could no longer stand it. Three measurements starting at 35 ° C, with a rise of 0.8 ° C/s, were averaged. To avoid physical injury, the pain tolerance measurement stopped automatically at 52 ° C. Prior to the actual measurements, the participants were familiarized with the heat stimuli and the controlling device. Pain threshold was always measured prior to pain tolerance in order to minimize interactions between pain threshold and pain tolerance [39] . All participants started with a practice trial for threshold and tolerance, counterbalanced for left and right forearm sites.
Subjective pain intensity and valence rating were performed each time after pain tolerance measurement. The subjects were asked to rate the perceived intensity of the just-perceived heat pain stimulus in a computerized scroll bar visual analogue scale in the range of 1-100, where 1 was the lowest and 100 the highest everexperienced pain. For pain valence, 1 represented a neutral sensation and 100 an extremely unpleasant sensation.
Statistical Analyses
Primary outcomes were the within-subject difference scores (in ° C) of heat pain threshold and tolerance between the 2 measurements (before and after TSST or control condition). Negative values reflected relative hyperalgesia, while positive values indicated relative analgesia. Cortisol as well as anxiety responses over time in both conditions were treated as secondary outcomes. MANCOVAs and MANOVAs for repeated measures were computed to analyse primary and secondary outcomes, controlling for covariates as indicated. Subsequent ANOVA or ANCOVA for repeated measures were corrected by the Greenhouse-Geisser procedure when the sphericity assumption was violated. KolmogorovSmirnov tests showed that sAA activity data were not normally distributed. Calculating the log of sAA activity values produced normally distributed values. The log-transformed cortisol values were used for all statistical analyses, but means and standard deviations of untransformed values are presented. Data were also tested for homogeneity of variance using the Levene test before statistical procedures were applied. The optimal total sample size of N = 30 to detect an expected medium effect size of f = 0.25, with a 90% power and α = 0.05, was calculated a priori with the statistical software G-Power (version 3.1 [50] ).
To assess associations between psychological and cortisol parameters, bivariate (Pearson product-moment and partial correlations) and multivariate (hierarchical multiple regression analysis) methods were used. For salivary cortisol and α-amylase parameters, areas under the response curve were calculated with respect to increase (AUCi) and with respect to ground (AUCg) using the trapezoidal method as an indicator for integrated responses in the TSST [51] . For all analyses, the significance level was 5%. Estimates of explained variance for significant repeated measures are reported in Cohen's f (calculated from SPSS partial eta-squared with the program G * Power 3.1, where 0.1 = small, 0.25 = medium, and 0.45 = large).
We used a linear mixed model [52] with condition (TSST vs. control) and the mediators AUCg for salivary cortisol and AUCg for α-amylase as time-varying covariates [53] since both can vary within subjects (lower-level mediation model). Outcome variables were the difference scores (before and after TSST or control condition) of pain tolerance and pain threshold. Separate analyses were set up for each combination of outcome and mediator (4 analyses altogether). In order to estimate total, direct, and indirect (i.e., mediated) effects, 3 models were set up [54] :
Model 1:
, and MED ij denote the observed values of the outcome (tolerance or threshold), condition (TSST vs. control), and mediator (salivary cortisol or α-amylase), respectively, of person i at time point j ; ζ 0 to ζ 2 denote the intercept, u 0 i to u 2 i the personspecific intercept (deviation from/to ζ 2 ), and ε ij the error term. Non-mediated Model 1 tests for the effect of condition on the respective outcome. Model 2 tests for the effect of condition on the respective mediator (coefficient a ). Model 3 tests for the effect of condition on the outcome (coefficient c ′ ) in the presence of the mediator (coefficient b ). All 3 models allow each participant to have their own intercept ( u 0 i to u 2 i ).
The following steps are required to establish mediation in the present study [55] : (1) the outcome is affected by the predictor ( c significantly differs from 0); (2) the mediator is affected by the predictor ( a significantly differs from 0) 1 ; (3) the outcome is still affected by the mediator after controlling for the predictor ( b significantly differs from 0); (4a) complete mediation: the outcome is no longer affected by the predictor after controlling for the mediator ( c ′ does not significantly differ from 0); (4b) partial mediation: the outcome is less affected by the predictor after controlling for the mediator than when not controlling for it ( c ′ significantly differs from 0 but is less than c ). Total effects are represented by c , direct effects by c ′ , and mediated effects by the product ab . In addition, the proportion of the total mediated effect is presented. To obtain standard errors of mediated effects we used equations 5.7 [56] . Mediation effects were tested for statistical significance by dividing estimates by their standard error, assuming normal distribution of results. Analyses were carried out using SPSS, rel. 14.0 and for the mediation analysis Mplus, rel. 6. 
Results
Participants
Overall, 29 healthy male subjects participated in the study (mean age in years: 24.6, range 18-34; mean BMI, 22.9, SD 2.7). All participants completed both the TSST and the control condition. The mean State-Trait Anxiety Inventory (STAI) trait anxiety T scores of the participants were slightly, but not significantly, higher than published norms (normative T score = 50, population mean = 53.6; t 26 = 1.8, p = 0.07). 
Subjective and Biological Stress Responses
Pain Threshold and Tolerance
Repeated multivariate analyses indicated a significant pre-to post-assessment effect for the TSST condition (F(2, 27) = 3.5, p = 0.04, f = 0.52). Subsequent univariate analyses showed that this effect was driven by a pre-post increases in heat pain tolerance (F(1, 28) = 7.3, p = 0.01, f = 0.52) but not in heat threshold (F(1, 28) = 0.002, p = 0.96), Also, there were no pre-post changes in the control condition (F(2, 27) = 0.3, p = 0.97; heat pain tolerance F(1, 28) = 0.00, p = 0.99; heat threshold F(1, 28) = 0.05, p = 0.82) (see Table 1 ).
Within-subject difference scores in heat pain threshold and tolerance differed significantly between conditions (F(2, 27) = 3.4, p = 0.05, f = 0.5), with significant differences between condition for heat pain tolerance (F(1, 28) = 5.8, p = 0.02, f = 0.45) but not for heat pain threshold (F(1, 28) = 0.003, p = 0.96; see Fig. 2 ). Also, between-condition differences of within-subject (i.e., pre-post) differences in heat pain threshold and tolerance differed significantly (F(2, 27) = 3.37, p = 0.05, f = 0.5), with no (0.0 ° C) between-condition difference for heat pain threshold and a 0.26 ° C increase for heat pain tolerance, respectively.
Subjective Pain Ratings
Repeated multivariate analyses of pre-to post-assessment differences in valence and intensity ratings indicated significant differences between the TSST and control Table 1 . Pre-and post-threshold and tolerance levels and subjective pain ratings in the control and the TSST condition Table 1 ).
Associations between Stress Responses and Heat Pain Threshold and Tolerance
Correlations between integrated AUCg and AUCi salivary free cortisol, α-amylase and cognitive anticipatory appraisal, as well as STAI state anxiety responses were non-significant in both conditions (all r > 0.20, all nonsignificant). Accordingly, integrated STAI state anxiety (AUCg) and PASA score responses did not predict integrated salivary free cortisol or α-amylase responses in both conditions (all non-significant, data not shown).
To analyse the associations between the integrated stress responses and pain parameters, hierarchical regression analyses were carried out with AUCg and AUCi of salivary free cortisol, α-amylase, and STAI state anxiety responses as independent variables and heat pain threshold and tolerance parameters as dependent variables.
In both conditions, integrated biological and affective stress responses were unrelated to pain threshold (control condition: adjusted R 
Examination of Possible Mediation by Salivary Cortisol and α-Amylase
Difference scores of heat pain tolerance were significantly increased in the TSST condition compared with the control condition (coefficient c in Table 2 , first and second columns). Also, AUCg of salivary cortisol was higher in the TSST relative to the control condition (coefficient a ). However, since there was no association between AUCg of salivary cortisol values and pain tolerance (coefficient b ), there was no significant mediation effect (coefficient ab ), and only 19% of the total effect was mediated by AUCg of salivary cortisol (coefficient ab/ coefficient c ). For the AUCg of sAA none of the relevant coefficients ( a , b , ab ) were significantly different from 0, and as a consequence there was no mediation effect either ( Table 2 , second column). In addition, the direct effect of the TSST condition on pain tolerance (coefficient c ′ ) was still significant when controlling for the mediator AUCg of sAA and was very similar to the total effect (compare coefficients c with c ′ in Table 2 , second column).
As for heat pain tolerance, there was no mediation effect of the TSST condition on difference scores of heat pain threshold via mediators AUCg of salivary cortisol or AUCg of salivary amylase. There was also no total or direct effect of the TSST condition on pain threshold (coef- where no results are indicated, the direct effect was higher than the indirect effect and the mediated proportion therefore not computed. c, total effect between the predictor condition (TSST vs. control) and the outcomes heat pain tolerance or heat pain threshold; c′, direct effect between the predictor condition (TSST vs. control) and the outcomes heat pain tolerance or heat pain threshold; ab, indirect effect between predictor and outcome via salivary cortisol or α-amylase, with mediated proportion defined as ab/c. * p < 0.05, *** p < 0.001 (all other values were non-significant).
Psychosocial Stress-Induced Analgesia Table 2 ). Note that the direct effects when controlling for either mediator were of opposite sign relative to their respective indirect effects, suggesting inconsistent mediation. Inconsistent mediation is present when the direct and mediated effect of a predictor variable on an outcome variable has opposite signs, as contrasted with consistent mediation models in which the direct and mediated effects have the same sign [57] . Because direct and indirect effects were of fairly similar magnitudes and opposite signs, they cancelled each other out [58] . On the other hand, neither direct nor indirect effects were significant, and therefore this issue should not be overinterpreted.
Discussion
We set out to examine the effects of social-evaluative stress on heat pain threshold and tolerance and its possible mediation by hypothalamus-pituitary-adrenal (HPA) system-associated salivary cortisol levels and ANS-related sAA activity in healthy subjects employing the standardized TSST combined with a heat pain paradigm. The study demonstrates that (1) the psychosocial stress condition induced an objective endocrine HPA and ANS, as well as a subjective state anxiety stress response, and (2) the TSST produced a small but significant SIA response which (3) was not mediated by cortisol level, sAA activity, or state anxiety.
Changes of both objective neuroendocrine as well as subjective parameters indicated that our psychosocial stress condition induced the intended stress responses as evidenced by an increase of cortisol level, sAA activity, state anxiety score, and cognitive anticipatory stress appraisal, while these reactions were absent in the control condition. Interestingly and contrarily to previous observations [48] , we did not observe a significant association between subjective and objective responses to stress in general and cognitive appraisal and cortisol in particular, which might be related to the somewhat lower cortisol responses observed in this study. Since there were no stress responses in the control condition, stress induction by the repeated pain assessment is unlikely. The repeated within-subject analysis shows a small, albeit significant, increase in heat pain tolerance after psychosocial stress but no effect of psychosocial stress on heat pain threshold. However, results for subjective pain ratings did not corroborate these differences; while intensity ratings slightly increased after the TSST, no such pre-post differences were found for subjective pain valence. A possible explanation for this exclusive stress-induced tolerance responsiveness is that pain threshold and tolerance are supposed to capture different aspects of pain. While the pain threshold assessment indicates primary sensory discrimination of nociceptive quality, pain tolerance decisions reflect an unwillingness to receive more intense stimuli [59] and are thought to measure more psychological features [60] . Although tolerance limit is also a sensory decision, it is generally considered as more responsive to affective, motivational, and cognitive influences than pain threshold. Also, we cannot rule out that our reported small difference between threshold and tolerance following the stress induction might be attributable to the 2 different pain assessment methods rather than to a fundamental stress-sensitive difference between these 2 pain measures.
Contrary to the findings of al'Absi et al. [6, 30] , who showed elevated cortisol levels following a brief pain stimulus (90 s), we could not see any biological or subjective response to the employed heat pain stimuli. Several reasons, such as the type of the stressor and the time course of the measurement, may account for these differences. Neither objective heat pain threshold or tolerance nor subjective pain intensity or valence correlated with cortisol level, sAA activity, or state anxiety. Thus, with regard to subjective heat perception, we could not replicate the recent findings of demonstrating a negative association between cortisol and pain intensity in men [30] or of positive correlations between sAA activity and intensity as well as unpleasantness ratings in response to acute heat pain stimuli [37] . Furthermore, mediation analysis revealed that SIA was not mediated by cortisol level, sAA activity, or subjective state anxiety. Similarly to the findings of al'Absi and Petersen [6] , the stress-associated rise in cortisol concentrations was not responsible for pain relief in the stress condition. Given that complex context-dependent SIA processes are known to produce many generalized effects, multiple physiological actions such as monoaminergic mediators may contribute to anti-nociceptive effects and to pain [23] . In particular, it is possible that other hormones not assessed in the present investigation and that have all been implicated in pain regulation, such as CRH, ACTH, and β-endorphin [61] [62] [63] , may contribute to the reduced pain sensitivity under acute laboratory stress [6] . However, and with regard to the lack of any association between pain and stress-induced biological responses, we need to acknowledge that the relatively small and specific analgesic response in our study might have precluded the detection of a possible relationship between these parameters.
Although subjective state STAI anxiety was highest before the TSST, it did not serve as a mediator of SIA. The influence of anxiety in pain perception has been described as 2-fold. If anxiety is not referred to the noxious stimuli it can cause pain relief, while the other way around people experience even more pain [64] . Context-induced negative expectations about the experiment and what will occur during the study might induce anticipatory anxiety, which is known to trigger 2 independent processes, hyperactivity in the HPA axis on the one hand and activation of cholecystokininergic pro-nociceptive systems on the other hand [65] , and it is possible that the activation of the cholecystokinin system might have interacted and even dampened the strength of the SIA response.
We cannot rule out that the observed SIA was simply too small to detect the important inter-subject variability of complex SIA processes. Also, it is possible that the elicited analgesia following the TSST might be the result of distracting attention away from the source of pain [66] . It would thus be interesting to assess possible analgesic effects of exogenous glucocorticoid administration to levels comparable with those observed in our study, but without the possible distraction by the psychosocial stress paradigm.
Clearly, the generalizability and potential implications to clinical practice of our data are limited because our SIA responses were -albeit statically significant -numerically very small, and our study was designed to investigate the role of experimentally induced psychosocial stress in acute, controllable thermal pain in healthy participants. Furthermore, it needs to be taken into account that we induced pain experimentally, which might be different to and involve different processes than pathological pain. However, our comprehensive methodological and statistical approach may help to better differentiate between multiple forms of complex and heterogeneous SIA processes and their different mediators in the context of neurocognitiveaffective pain research. An improved understanding of the neurobiological mechanisms of SIA has the potential to elucidate the complex interplay between nociceptive processing and stress as well as to identify potential new therapeutic treatments for stress and pain-related disorders such as post-traumatic stress disorder [67] , borderline personality disorder [45] , and chronic pain syndromes [68] .
Disclosure Statement
